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ABSTRACT 


RTR solar cells {2x2, cm) processed from polycrystalline feedstock showed 
maximum AMO efficiency of 5.6%. Solar cells from single crystalline feedstock 
showed slightly higher efficiency than those from polycrystalline feedstock, 
indicating maximum efficiency of about 6.6% with SiO AR coating. Single 
crystalline control cells gave 11-12% AMO efficiencies demonstrating that 
the poor performance of the RTR solar cells was due to the low quality of 
material itself (this conclusion was backed up by the separate measurement 
of minority carrier diffusion length). 

Dendritic web solar cells (2x2 cm) from the standard process showed maximum 
AMO efficiency (with SiO AR coating) of S.8% while efficiency of control 
solar cells were around 11-12%. Vleb solar cells from back surface field 
(BSF) process indicated maximum AMO efficiency of 10.9%'. Some improvement 
in open circuit voltage was noticed from the BSF process. 

Small light spot scanning experiments were carried out on the solar cells 
from Wacker "Silso", EFG, RTR, and dendritic web ribbons. Photoresponse 
results provided information on localized cell performance and grain size 
in polycrystalline material, and agreed quite well with the cell performance 
data, such as efficiency, minority carrier diffusion length, and spectral 
response. 
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INTRODUCTION 


The objective of this program is to investigate, develop and utilize 
technologies appropriate and necessary for improving the efficiency 
of solar cells made from various unconventional silicon sheets. During 
this quarterly reporting period, work has progressed in fabrication and 
characterization of solar cells from RTR- ribbons (Motorola) and Dendritic 
web (Westinghouse) , Silicon blanks (2x2 cm) were prepared from the ribbons 
and fabricated using a standard process typical of those used currently 
in the silicon solar cell industry. Later a back surface field (BSF) process 
and other process modifications were included in processing additional slices. 
Only the standard process was used for RTR ribbons since difficulties were 
experienced for the application of other processes; in particular, 
excessive breakage resulted from use of the alloyed aluminum paste method 
to provide a BSF. 

The performance parameters measured included open circuit voltage, short 
circuit current, curve fill factor, and conversion efficiency (all 
taken under AMO illumination). Also measured for typical cells were 
spectral response, dark I-V characteristics, minority carrier diffusion 
length, and photoresponse by fine light scanning. The results were 
compared to the properties of cells made from the conventional single 
crystalline Czochralski silicon with an emphasis on statistical evaluation. 
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II. 


TECHNICAL DISCUSSION 


A. RTR SOLAR CELLS 

1.0 SOLAR CELL FABRICATION 

Blanks were prepared by waxing a ribbon on a ceramic block and slicing 
in size {2x2 cm). After removal of the individual blanks from the block, 
organic and chemica.l (standard RCA) solutions were used for cleaning 
the surface; the standard cell process followed thereafter. Blanks for 
the first batch were the ribbons from the annealed CVD feedstock while those 
for the second and third batches were from ribbons from CVD feedstock 
with and without annealing, or from single crystalline feedstock. 

Thickness of ribbons was 6-7 mils and the resistivity measured by four 
point probe was in the range between 1-3 ohm-cm with p-type conductivity. 
Cells from the first two batches were processed without etching of silicon. 
In the third batch process, about 1 urn of silicon v/as removed from each 
side before the fabrication process b, etching in planar etch solution 
for 15 seconds. Efforts were also made to include a BSF process. 

However, screen printing of aluminum paste was unsuccessful due to the 
shattering of ribbons during the squeezing operation. Overall 
mechanical yield (unbroken cells) obtained from three batch processes 
was about 50%, indicating very low yield considering the solar cells 
were handled with extreme care. Table 1 shows numbers and causes of 
the broken cells during the processes; the number of initial starting 
blanks was 52. In many cases broken cells were badly shattered possibly 
due to the excessive mechanical stresses in the ribbons -induced in the 
process of laser recrystallization. See reference [1] for detailed 
description of RTR process. 
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TABLE 1 


MECHANICAL FAILURE OF RTR SOLAR CELLS, (2x2 CM) 
IN THE PROCESS OF FABRICATION 


NUMBER OF 
BROKEN CELLS 

CAUSE 

6 

Initial Slicing and .Demounting 

5 

Cleaning 

4 

Evaporation; AR and Contact 

1 

Sintering 

7 

Electrical Test 

23 

TOTAL 


Starting Blanks: 52 

NOTE: Results are summarized from three batch, processes 


OR5G1MAL PAGE IS 
OF POOR QUALilYl 
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2.0 


SOLAR CELL PERFORMANCE AND CHARACTERIZATION 


Characteristics Under AMO II lumi nation 

Parameters of finished solar cells were measured under AMO conditions 
(135 mW/cm^, tungsten-xenon lamps with red and blue filters). The 
block temperature was 25°C and input light intensity was calibrated 
using a standard solar cell. The detailed parameters of the solar cells 
from RTR ribbons* and control cells are given in Appendix III, on the 
electrical data sheets. Solar cells made from CVD feedstock showed 
maximum efficiency of 3.9% for the annealed ribbons and 5.6% for the 
unannealed ribbons. Ribbon solar cells from single cyrstalline feedstock 
showed slightly higher efficiency than those from polycrystalline CVD 
feedstock, indicating maximum efficiency of about 6.6% with SiO AR 
coating. Generally, solar cells processed from the etched blanks 

■(third batch) showed higher efficiency and more consistent results than 
those from ribbon without removal of a thin silicon layer. Single 
crystalline control cells showed 11-12% AMO efficiency. Large spread 
in values, combined with the limited sample sizes, prevented these cells 
from obtaining reliable summary tables or to provide statistical 
evaluation. 

Since significant variation in performance from cell to cell was observed 
from these RTR cells, small mesa cells (2 mm in diameter) were fabricated 
using masking techniques and the individual cells were illuminated by a 
tungsten lamp to see the variation of cell performance within a single 
2x2 cm cell. Figure 1 is the results of the mapping of open circuit 
voltage, and significant differences in Vq^ were noticed. Correlation 

*Motorola considered these samples as poorly representative of the RTR 
process. Hopefully some improved RTR samples can be evaluated later in 
the program. 
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FIGURE 1 


OPEN CIRCUIT VOLTAGE MAPPING OF MESA SOLAR CELLS 
WITHIN A RTR SOLAR CELL (2x2 cm) 
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with crystal structure indicated that areas of low open circuit voltage 
could be caused by fine details of the crystal structure. 

Dark I-V Characteristics 

Dark I-V characteristics (forward and reverse) were obtained from selected 
RTR cells -and a control cell. The plot was made by point-by-point 
measurement and the results are plotted in Figure 2. ’"A" factor (in 

simple diode equation) derived at high bias condition ranged from about 
1.8 to 3 while a control cell showed "A" factor of 1.4. 1^ was also 

obtained from the plots, ranging from 10"^ A/cm^ to 10"^ A/cm^. This 
suggests that shunting and space -charge recombination effects are 
serious problems in these cells. 

Spectral Response 

Absolute spectral response (A/W) was measured using a filter wheel set-up 
which is a combination of a set of narrow bandwidth filters and a light 
source. Response versus wavelength are plotted in Figure 3, in which very 
poor response at wavelength beyond 0.6 pm can be seen. This can be 
attributed to the poor quality (low lifetime or diffusion length) of the 
bulk RTR ribbons, which was confirmed by minority carrier diffusion 
length measurements (see next section). 

Minority Carrier Diffusion Length 

Minority carrier diffusion length was measured using a short circuit 
method for the finished solar cells. The whole area of a solar cell 
v/as illuminated by a light source through a filter wheel and the 
diffusion length was obtained from light intensity values at selected 
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wavelengths (wavelengths used for this measurement were 0.78, 0.86, 

0.895 and 0.95 ym). Diffusion lengths of around 7-9 ym were obtained 
from measurement on seven cells. Diffusion length was also measured 
using small beam size illumination {'^'3-4 mm beam diameter). Typical 
results are given in Figure 4. No significant variations from spot to 
spot were observed, showing consistently low diffusion length. It is also 
noteworthy that diffusion lengths of the cells from single crystalline 
feedstock were not impressively better than those of the cells from 
CVD feedstocks. This suggests there might be some problems associated 
with the recrystallization process, either due to the contamination from 
the process environment or the laser recrystallization process itself. 

Small Spot Scanning Measurements 

Results on RTR samples (and also dendritic web samples) are included in a 
separate section (c) below. 
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(B) 


FIGURE 4 

MINORITY CARRIER DIFFUSION LENGTH (pm) 
VARIATION WITHIN RTR SOLAR CELLS (2x2 cm); 

(A) A CELL FROM CVD FEEDSTOCK (CELL NO. 869-7) 

(B) A CELL FROM SINGLE CRYSTALLINE FEEDSTOCK 
(CELL NO. S872B-3) 
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B. DENDRITIC WEB SOLAR CELLS 
1.0 SOLAR CELL FABRICATION 

Blanks (2x2 cm) were prepared by waxing a web section on a ceramic block 
and slicing in size. After removal of the individual blanks from the block, 
efforts were made to remove SiO, deposited on the surface during the web 
growing process, by chemical methods, such as boiling in nitric and sulfuric 
acid followed by dipping in HF. None of the methods worked except scrub- 
bing by a cotton tip, which caused some breakage of the webs, especially 
of thin webs {‘v6 mils). The breakage could have been minimized if the 
scrubbing were done before the blank shaping process since bounding 
dendrites could provide mechanical support for the scrubbing process. 

Also, steam oxidation was carried out to eliminate the mechanical scrubbing 
process for the removal of SiO deposit. Webs were oxidized in steam at 
H00®C for an hour (with ramp-down cooling, at a cooling rate of about 
3°C/minute down to 500°C), to recover minority carrier lifetime due to 
higher temperature heat treatment. The oxidized webs were finally dipped 
in HF and the surface deposits were completely removed. 

NOTE : Solar cells were fabricated from the oxidized blanks and the 

cell performance is given in Section B, 2.0. 

Organic and chemical (standard RCA) solutions were used for the final 
cleaning of the surface. 

Thickness of the webs, as received, ranged from 5.6 mils to 9.6 mils 
and resistivity by four point probe was measured to be around 20-25 ohm-cm 
with p-type conductivity. SPV measurement of effective minority carrier 
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diffusion length indicated values between 90-120 um. See reference 
[2] for detailed description of dendritic web process. 

The first batch of solar cells were fabricated using standard processing. 

A BSF process was applied for the second batch (see First Quarterly Report 
of this contract for detailed description of standard and BSF processes). 

A space-cell type of fabrication process was used in the third batch process. 
This process included a shallow junction (*^0.2 ym) formation (ten minutes 
oxidation and ten minutes diffusion) and application of fine front contact 
lines using photoresist techniques (retaining about 93% active area). The 
fourth batch were standard process solar cells of two types; (a) Cells 
with front contact bars on the bounding dendrites, and (b) Solar cells 
processed from steam oxidized blanks. 

Mechanical yield (unbroken cells) of the relatively thick web solar cells, 
(with thickness between 8 to 10 mils), were generally high (about 90% 
yield) for both standard and BSF processes. However, thin web cells, 
thickness between 5-6 mils, showed lower yield (less than 50%), mainly 
because of breakage in the initial blank shaping stages and in removal of 
excess aluminum following the BSF process. Detailed causes of the breakage 
are listed in Table 2. 

2.0 SOLAR CELL PERFORMANCE AND CHARACTERIZATION 
Charactertisti.es Under Illumination 

Solar cell parameters, such as Vqq, CFF and n were measured under an 
-AMO solar simulator at 25°C. Electrical data sheets in Appendix IV. give^ 
detailed information on individual cells. Table 3 and Table 4 summarize 
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STANDARD PROCESS 


~~CAUSE WEB THICKNESS 

9.6 MILS 

5.6 MILS 

SLICING IN SIZE 

— 

2 

SCRUBBING FOR REMOVAL OF SIO DEPOSIT 

1 

4 

FINAL BLANK CLEANING 

— 

1 

ELECTRICAL TEST 

1 

— 

STARTING NUMBER OF BLANKS 

12 

10 



TABLE 2 

MECHANICAL FAILURE OF DENDRITIC WEB 
SOLAR CELLS IN THE PROCESS OF FABRICATION 


13 . 




















TABLE 3 


SUMMARY OF PARAMETERS OF SOLAR CELLS 
FABRICATED FROM DENDRITIC WEB; STANDARD PROCESS 


WAFERS 


S3 


Vnr (»»V) 


Jsc (njA/cm^) 


CFF (X) 


n {%) 



NOTE; 1. Measured under AMO condition at 25°C. 

2. Cells (2x2 cm) with SiO antireflective (AR) coating), parenthesis numbers are 
for the parameter before AR coating. 

3. Web "A": Six solar cells from Web No, RE12-3.3 (Thickness '\j 9.6 mils). 

Web "B"; Three solar cells from Web No. J65-3.4 (Thickness 'XjS.S rails). 
Control; Six solar cells. 




















TABLE 4 


SUMMARY OF PARAMETERS OF SOLAR CELLS 
FABRICATED FROM DENDRITIC WEB; BSF PROCESS 


1 WAFERS 

WEB "C" 

WEB "D" 

CONTROL 



AVERAGE 


IIIbeuEIHHI 

588 ^ ' 
(573) 

Vqc (mV) 


STANDARD DEVIATION 


— 

■KBHi 



RANGE 






AVERAGE 




Jsc (mA/cm^) 


STANDARD DEVIATION 






RANGE 

wuaa^B&saS^^ 

" - 




AVERAGE 

71 

(74) 

67 

(67) 

66 

(63) 

CFF (%) 


STANDARD DEVIATION 

2,7 

(1.4) . 


7 

(8.7) 



RANGE 

65-73 

f70-75l 



56-73 I 

^51-71) 



AVERAGE 

10.4 

(7.6) 

9,6 

(6.7) . 

9.9 

(6,7) 

n (%) 


STANDARD DEVIATION 

0.6 

(0.4) 


1.2 

(1.1) 



RANGE 

9.2-10.9 
(6. 7-8.1) 

» 

8.2-11.0 

(5.2-7.n__ 


NOTE: 1. Measured under AMO condition at 25°C. 

2. Cells (2x2 cm) with SiO anti reflective (AR) coating, parenthesis numbers are 
for the parameter before AR coating, 

3. Web "C": Ten solar cells from Web No. RE24-1.5 (Thickness '^^8.6 mils). 

Web "D"; One solar cell from Web No^ J64-1.6 (Thickness mils). 

Control; Six solar cells. 






the results for the cells of two process types; standard process and BSF 
process. BSF solar cells showed improved performance compared with the 
cells from standard process, average efficiency 10.4% versus 9.6%, with 


overall increase in both Vqq and (mainly in Vq^]. 

However, this improvement by BSF process was not as high as observed for 
starting silicon of this high resistivity. This possibly 
indicates that the minority carrier diffusion length of the starting 
web was not long enough to provide significant improvement in Vqq and 
It is generally believed that diffusion length greater than 120 pm* is 
required to achieve significant improvement in Vqq and I^q by the BSF 
process. The relatively low open circuit voltage of standard cells, 

(average Vqq'^'BSO mV) , was due to the low doping level of the starting 
webs ('^'20 ohm-cm bulk resistivity) and the low curve fill factor, about 
72% in both cases, seems to be due to the increased series resistance 
resulting from increased bulk resistance. Maximum efficiencies obtained 
were 9.8% for the standard cells and 10.9% for the BSF cells. Low performance 
of web "B" cells in Table 3, compared with web "A" cells, was suspected 
to be coming from the difference in lifetime of two v/ebs (Westinghouse 
lifetime data; 13 us for web “B" and 41 us for web "A") and partly the 
difference in web thickness, 9.6 mils for web "A" versus 5.6 mils for 
web "B". 


Electrical data sheets for solar cells fabricated by other process modi- 
fication, such as space type process, cells with contact bars on bounding 


*This is an empirical observation. Work is in progress to establish a more 
definite relationship. 
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dendrites and cells from steam oxidized webs, 'are also given in 
Appendix IV. Space type cells showed low performance, mainly due to the 
low Vqq (about 510-520 mV), indicating that the BSF process was not 
effective in this case. Parameters of the cells with contact bars on 
bounding dendrites and the cells from steam oxidized webs (in an effort to 
remove SiO deposit without mechanical scrubbing) are summarized in Table 
5. Both cells showed about the same performances. However, these are 
considerably lower values than those with the previous standard process 
(refer to Table 3). This could be due to low lifetime of the starting 
webs or contamination in the process of cell fabrication. 

Some control cells (first control group) started to show degradation in 
curve fill factor, mainly due to shunting problems. This was suspected 
to be caused by the diffusion process since the second control group, 
which were diffused in a separate furnace, didn't indicate any significant 
degradation in CFF by shunting. Thus, the diffusion tube was cleaned and 
control cells were processed using standard process. Their electral 
parameters are given in the last page of Appendix IV, showing no degradation 
in CFF with consistent results. 

Dark I-V Characteristics 

Dark I-V characteristics (forward and reverse) were obtained from selected 
web cells. The plots were made by point-by-point measurement and the 
results are plotted in Figure 5 for the standard cells and Figure 6 for 
the BSF cells. "A" factors in the simple diode equation ranged from 
about 1.7 to 2.0 while control cells showed "A" factor ranges between 
1.2 and 1.7. Saturation current (1^) were found to be around 10~ A/cm^ 


17 . 



TABLE 5 


SUMMARY OF PARAMETERS OF SOLAR CELLS FABRICATED FROM 
DENDRITIC WEB; STANDARD PROCESS (SPECIAL RUM) 


o S 
m 22 

Q 
o s 
o s 

^ © 
r“ Efl 


O) 


WAFERS 

WEB "E" 


Vqc m 

AVERAGE 

514 

515 

STANDARD DEVIATION 

1.7 

— ■ 

RANGE 

512-515 

513-516 

J$c (mA/cm^) 

AVERAGE 

30.7 

30.6 

STANDARD DEVIATION 

0.4 

— 

RANGE 

30.1-31 

30.1-31.2 

CFF {%) 

AVERAGE 

70 

71 

STANDARD DEVIATION 

3.4 

— 

RANGE 

65-73 

69-73 

1 

n {%) 

AVERAGE 

8.2 

8.2 

STANDARD DEVIATION 

0.4 

— 

RANGE 

7. 7-8. 5 

8. 1-8.3 


NOTE: 1. Measured under AMO condition at 25°C 

2. Cells (2x2 cm) with SiO anti reflective (AR) coating, 

3, Web "E": Four solar cells with contact bars on bounding 

dendrites from RE28-5.3 (Thickness 'v? mils). 
Web "F": Tv/o solar cells from steam oxidized web blanks 
RE28-5.3. 








CURRENT DENSITY, A/ CM 



iiiiiinmiiillliii 


CURRENT DENSITY, A/CM 





for the standard web cells and lO”^^ A/cm^ for the control cell in standard 
process, and this higher for the web cells can be partly explained by lower 
doping level of the webs (^20 ohm-era resistivity) than the control blanks 
(1-3 ohra-cra). Generally cells from BSF process showed slightly leaky 
characteristics, consequently leading to increase in "A" factor and 
saturation current (Iq)* Web solar cells showed relatively good junction 
characteristics, especially in low leakage at small forward bias condition 
(less than 0.4 volts), showing agreement with the earlier reports from 
Westinghouse. 

Spectral Response 

Absolute spectral response (A/W) was measured using a filter wheel 
set up. Response versus wavelength for the standard cells and BSF cells 
are given in Figure 7 and Figure 8, respectively. Web solar cell showed 
responses very close to those of the control cells (this is more 
pronounced in the case of BSF process cells) and this was in good agreement 
with the minority carrier diffusion length measurement of the finished 
solar cells in the following section. 

Minority Carrier Diffusion Length 

Minority carrier diffusion length was measured using the surface photo- 
voltage (SPV) method for the bulk v/ebs and a short circuit current method 
(briefly described in Section A, 2.0) for the finished solar cells. The 
exposed beam (monochromatic) size on the bulk sample in SPV mode was about 
2-3 mm in diameter and diffusion lengths were around 90-120 ym, measured 
from the number of selected webs; RE 24-1.5, J 64-1.6 and RE 28-5.4, 


21 . 



( 22 .) • 

(AA/V) 3SNOdS3d IVUlOidS 


















SPECTRAL RESPONSE (A/W) 

CK) V 


■■■■■■■ 

■■■■■■■ 

■■■■■■■ 




a BHair 

I 


Hi 




sgSnjTar. 


■■■■■■■■■■■■■■■■■■■■■■I 
■■■■■■■■■■■■■■■■■■■■■■I 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 
■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 
aaaaaaaagaaaaaaaaaa^ 


isss 88 S 88 Bbs: 8 ::bbb^ 

laaaaaaaaaaaaaaaBiaai 

nHHnBHiSiBHnnnaaa 




BBflflflBBBHBBflBflBR^ 
BBBBBBBBBBBBBBBBBB 
BBBBBBBBBliHHIifll 

gBBBBBBg 


BBBBBBBBBI 


HI 


IBBBBBBBBBBBB 


BBBBBBBB 
BBBBBBBB 
^BBBBB 

^BBBBB 

BBBBBBBB 

BBBBBBBB 

BBBBBBBPS 

BBiflBBRB 

BBBBBBBB 

BBBBBBBB 

BBBBBBBB 

BB88BBB 


a BBBBBBBBBBBBBBBBBBBBBB BBBBB B! 

BBBBiBlBiBBBiBBBBfliiiBBBiiiilil 

8SHB88BaaBBBBB8liBBBaaMBBaBi 

BiBBBBBBflBBBBBBlBBBEBBSSBBaiKBfiBUiBiSB! 

BBBBBBBBBBBBBEpsiBSlBBBBBSBBBBlSSBra 

BBBBBBBBiBEBSaiBBiiiBBBBBBBiBBBBBBigir 

BBBBBBBBBBBMiBBBBiiBBBBBBBBBBBBflBBifliSB 


bbBBbbb 

BBBBBBB 
BBBBBBB 

BBBI 

_._ EBgBB 


BBBBBBBBBBBBBBBBBBBB BB 
SBiiBiBBiiBBiiBBBBBBBiBBiRBii 
BBBBBBBBiiBBBBBBBBBBBBBBEBBIB 
~BBBBBBBBBBBBBiiiBflBBBflBBBr 
^iHBBBBBBBBBBBBBBBI 


iSBBa 

BBBBB 

BBBBI 

siBIbb: 

BBBBBBB 


BB8 

BBI 


BBBBBBBBBBBBBBBBBBBBBRBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBil 
BBBBBflBBBBBBBBBBBBBBBBBBBBBRBBBBBBBBBiBBBBBBBBBB|BBBiEBBifli|ii| 
BBBBBBBBBBBBBBBBBBBBmBBBBBBBBBBBaBBiiBBBBBBBBBBiBBBBBEBBiiiBii 

BBBBBiBBBBBBBBBBBBBlBBBBBBBBBBBBBBBBBBBBBBiBBBBBBBBf bbibb- 

flBBBBBBBBBBBBBBBBBRrBBBBBBBBBBBBBBBBiBBBBBBBBBBBBBBi 
iBBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBp 

IBBBBBBBBBRBriBBBBBiBBBiBBBBBEBBBBBBlilBBiBiBBi 

BBBaBBBBBBBiBBBBBBBBBBBBBBr 


BBBBBBBBBBBBBBBBBB!'JBBBBBBBBBBBBBBBBBiBBBBBBBflBBBBBB|B8 
BBBBBBBBBBBBBEBBBKBBBRBBBBBBBBBBBBBBiBBBBBBBBBBBBiBBBB 
BBBBBBBEBBBBBBBBRriBBBBBBBBBBBBBRBBBiBaBBBBiBBBBBBiBBBB 
BBiBBBBBBBBBBBBiBBBiBBBBiBBiiBBBBBBBBBBBBBBBBRBBRBBBBRBBRBBaBBBiB 
BBEBiBBaBBBBBBBiBBBiBBBBiiiliEBBBBiiBBBBBBBBBBBBBiBBBBBiBBBBBBBBi 
BBiiEBBBBBBBBBBBUBBiBBBBifliiBBBBBBBiBBBBBBBiBBBBBBBBiBBEBBiBBBBBE 
BBBBBBBBBgBBBBBBBBBiBgBagBBBBBB BB BB BBB BBBBBiBB BBBB BBEBB BB giBBM 

B8 

Bl 


BBBafl 

IBBBr 


BBBI 


IBBI 


iBi 


iBBBB 

Jbbbb 

BS 

IBBBBfflES^ISBI^SiiS 

BBiBiBlIiBl 


IBBBI 

IBRBBBBB 


^-^^jBBBnSBBBBBn 


IBiiBBBBBiBBaBBBBBBBBBI 

ibbbbbbbbbbbbbbbbbbbbbI 


iBBBBBBBBBfliBBBBBBBBBBBBBiBBBBBlBB 

BBBBBBBBBBBiBBBflBBBBBBBB|BEBBBBB||i 

iBBBBBBBBBBBBBBBBBBBBBBBBiBBBBBBBEiE 




IBI 

IbbSi 


SB 

ii 


WAVELENGTH (MICROMETER) 




The finished cells were illuminated on the whole cell area and on spots 
(spot size about 3-4 mm in diameter) to see the localized variation of 
diffusion length, and the results are summarized in Table 6. BSF cells 
showed higher diffusion length than the standard cells, which 
agrees well with the spectral response plots (compare Figures 7 and 8) 
in the previous section. BSF cells also showed significant variation 
in diffusion length from cell to cell (i.e. 70 pm for the cell RE 24-1.5-3 
versus 130 pm for the cell RE 24-1.5-8), and from spot to spot within a 
cell (i.e. 210 pm versus 110 um in cell RE 24-1.5-3), which could be due 
to inhomogenity of bulk webs or possibly a process induced effect. Diffusion 
length measurement on spots in standard cells indicated slightly higher 
values than those of the whole area measurement on same sample but this 
could possibly be caused by the measurement error. 

Diffusion length was also checked on the cells from space type process 
(third batch) and both web and control cells showed low diffusion length; 
about 40-50 pm for the web cells and 80 pm for the control cells. This 
strongly indicated that these cells were contaminated in the process of 
fabrication, mostly likely in the diffusion step. 
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TABLE 6 


SUMMARY OF MINORITY CARRIER DIFFUSION LENGTH 
OF THE DENDRITIC WEB CELLS, MEASURED BY I^^ METHOD 


CELL 

— .^^SITION 

1 

2 

3 

B 

5 

WHOLE AREA 

STANDARD CELL 

RE 12-3.3-3 

— 

B 

B 


— 

74 

RE 12-3.3-6 

90 

90 

90 

90 

76 

74 

J 65-3.4-4 

— 

im 

B 



62 

J 65-3.4-7 

72 

72 

72 

80 

80 

62 

CONTROL NO. 3 

m 

— 

— 

— 

— 

122 

BSF CELL 


90 

60 

90 

85 

60 

70 

RE 24-1.5-8 

160 

160 

150 

210 

no 

130 

J 64-1.6-4 

— 

— 

B 

B! 

B8 

130 

CONTROL NO. 12 

B 

B 

— 

IBB 

B 

150 


NOTE: Unit; um 


IDENTIFICATION OF BEAM SPOT (BEAM SIZE 3-4 MM IN DIAMETER) 

FOR DIFFUSION LENGTH MEASUREMENT ON LOCALIZED AREAS OF A 2x2 CM CELL 
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c. 


PHOTORESPQNSE BY SMALL LIGHT SPOT SCANNING 


1.0 DESCRIPTION OF MEASUREMENT 

A useful addition to analytical methods used to evaluate silicon sheet 
material for solar cell use is the small light spot scanner. This provides 
readout of the photosensitivity in small regions across the sheet (usually 
by moving a spot across a cell made from the sheet). In this way, the 
following information can be provided. 

(i) Direct comparison of the output from different regions, can show 
the relative values of minority carrier diffusion lengths in those regions 
In this way, spatial inhomogeneities can be seen and attempts made to 
correlate the different response with visual features, either present 

in the processed sheet silicon, or developed after additional chemical 
etching. 

(ii) A particular case of interest is that when crystalline grains 
are present, where the response for different grains, and near or at 
the grain boundaries can evaluated. 

The light spot scans shown in this report have provided useful backup 
to the overall assessment, and provide- a more realistic indication of the 
reasons for sheet behavior, e.g. whether reduced response was obtained as 
a function of the grain size or in relatively small areas across the sheet 
Below, in discussing the equipment we will indicate the possible features 
which can provide quantitative data. The measurement equipment is shovm 
in Figure 9 in the form of block diagram and detailed techniques are 
discussed below. 
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A BLOCK DIAGRAM OF A FINE LIGHT SPOT SCANNING APPARATUS 


FIGURE 9 






Discussion of Components 


(a) The light source should preferably contain long wavelength 
components j to allow sampling of the silicon quality away from the surface. 
For alignment, a He-Ne laser has been used. For most measurements, a tungsten 
light is used, with a very thin Si filter to remove short wavelength 
components. Low intensities are useable. Even with the optical losses 
caused by the filter, the distance from the source to the cell (^^6 ft), 

and the iris and demagnification through the microscope optics, the use 
of a built-in low noise amplifier near the cell stage provides sufficient 
signal to drive the x-y recorder; 

(b) The use of a microscope provides direct observation of the area 
being scanned, to aid in correlation with visual features on the cells. 

The use of higher power objectives (with the irises) can provide spot 
sizes below 10 ym. However, at such small spot sizes, the depth of focus 

of the objectives is very small, and thus causes problems for sheet samples 
which do not have a high degree of flatness because the variable spot 
size provides variable areas of sampling. Therefore, a moderately high 
magnification objective was used mostly providing a spot '^'20-50 ym 
in diameter. (For more detailed investigation in localized areas, it 
is planned to use smaller spots.) 

(c) Even with the direct observation possibility, we use the 
gridlines on the cells as built-in distance (and locating) markers. Also 
by careful measurements of gridline width, and the shape of the intensity 
decrease while scanning over the gridline, an estimate can be made of 

the effective spot size. 
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(d) The cell is held in a pressure contact holder, on a platform 
which moves in and out, with speed adjusted by a variable control. The 
linear movement of the platform is fed into the x-axis of the controller; 
the amplified cell signal is fed into the y-axis. 

(e) The x-y recorder is "calibrated" by using a control cell of 
good output; keeping the gain and light' spot conditions fixed, the cell 
under test is substituted and a comparison trace made. 

It is possible to improve the quantitative comparison on this set-up, to 
calibrate the y-signal directly against the local diffusion length 
measurement. However, mostly the equipment has been used for broad-scale 
comparisons and overall confirmation of the results have been obtained from I-V 
curves, spectral response, or from separate diffusion length measurements. 

In summary, this equipment has revealed additional details of the various 
sheet materials, both to backup other measurements, made on cells, and 
also to indicate the possible causes for sheet performance v/hich differs 
from cells using control silicon. In the following section, results of light 
scans are given for sheet samples covered in the first quarterly report 
{Wacker "Si Iso" sheet, EFG ribbons) as well as for the sheets covered 
in the present report. 

2.0 PHOTQRESPONSE OF SHEET SOLAR CELLS 

Photoresponse of solar cells ^processed from Wacker "Silso" wafers, 

EFG ribbons, RTR ribbons and dendritic webs v/ere obtained using the 
small light spot scan techniques and the results are presented in this 
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section. The light source for the scanning light spot was a white light 
from a tungsten lamp (filtered with a thin transparent layer of silicon) 
the spot size on the sample was estimated to be around 50 pm. Relative 
photoresponse of sheet solar cells (standard process) are given in Figure 
Figure 10 for a Wacker "Silso" cell. Figure 11 for a EFG cell,. Figure 12 
for a RTR cell and Figure 13 for a web cell. Response of a control 
(Czochralski singe crystal silicon) cell is given on all curves for comparison.. 
Spacing between grid (or finger) lines is about 2.5 mm except the EFG 
cell, which has a grid spacing of 0.7 mm, and this provided reference 
for the scanned distance and width of electrically active defect sites 
or boundaries. 

The Wacker cell showed lower response than the control, cell everywhere 
and the width of electrically active boundaries was estimated to be less 
than 0.2 mm for small crystallites and about 2 mm for large crystallites. 

The EFG cell also indicated lower response than the control cell with the 
estimated grain size between 0.4 mm and 2mm. Non-uniform response from 
crystallite to crystallite was often found in both Wacker and EFG cells,' 
generally low response from small crystallite, and this could possibly 
be due to the strain induced defects on small crystallites being more 
severe than those on the large crystallites.. 

The RTR cell showed very poor response, which made it difficult to detect 
electrically active defect sites. 

The Dendritic Web cell indicated close response to that of the control 
cell and no significant number of active boundaries was noticed. 
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III. CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions were reached in this work. 

RTR Silicon 

• The sheet showed stresses which aided breakage.' 

• These stresses (perhaps with residual impurities) severely reduced 
the I-V output, and led to reduced quality as shown by other measurements. 
The sheet also showed regional in homogeneity. 

• Generally the cell performance could be related to the values of 
diffusion length, and to the high- shunt leakage seen in the dark I-V 
plots. 

• The BSF process tried led to excessive breakage, but experience 
suggests that with the low diffusion lengths, no enhancement would be 
expected from a BSF process. 

• The high stress would make fabrication of large area cells more 
difficult. 

• Better quality RTR samples should be evaluated when available. 
Dendritic Ifjeb Silicon 

• Although this silicon showed spread from web to web, the better 
samples performance approached that of good Czochralski silicon. 

• The cell quality again correlated well with all the supporting 
measurements. 
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• The dendrites were shown to have low diffusion length. Although cells 
were made using the dendrites as contact areas (no output anyway), in 

the long range this could not be economic because a good fraction of 
the web weight is in the dendrites, and they would probably be returned 
for remelting. 

• BSF processing increased output, although some web samples 
independently processed have rivaled the best Czochralski silicon. 

• In general, with greater consistency in producing good quality web, 
this sheet form shows good promise for combining good performance with 
low cost. 

Small Light Spot Scanning 

The inclusion of small light spot scanning has provided additional 
confirmation of the cell performance, both for the reported samples, and 
for those processed earlier. These scans will be continued. In addition, 
some increased information on the sheet properties is available from these 
scans, in providing a "picture" of the spatial variations, either in 
single crystal regions, or near imperfections or grain boundaries. With 
additional effort, these pictures can be expressed quantitatively in terms 
of localized diffusion length, and the variations can also possibly be 
correlated with visual differences across the samples. 
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IV. WORK PLAN STATUS 

The following unconventional silicon sheets are expected for processing 
and evaluation during the next quarter. 

• Cast Silicon by Heat-Exchange Methods (Crystal Systems) 

• Improved EFG Ribbon (Mobil -Tyco) 

• Czochralski Silicon by Continuous or (Semi -continuous) Growth Method 
Additional Measurements 

Equipment is now operational which can give dark forward or reverse 
log I-V plots for a large number of samples in a reasonably short time. 

In addition, the log I-V plot under illumination can be run. This will 
provide a sounder estimate of the range of junction properties for a 
given sheet form, and after analysis a range of quantitative factors 
(A-values, J^-values, shunt and series resistance) can be obtained. 

Again, it is hoped that these additional measurements will give more 
insight into the sheet silicon properties, with the goal of providing 
feedback information to help guide the formation of improved sheet 
quality. 
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APPENDIX I 


TIME SCHEDULE 




TIME SCHEDULE 









APPENDIX II 


ABBREVIATIONS 




ABBREVIATIONS 


V • 

''oc 


T 

SC’ 


^SC' 


'SCR* 


'SCB’ 


CFF: 

n: 

Le: 

^MAX’ 

'^MAX’ 

’'max' 

BSF: 

MLAR: 

RTR: 


Open Circuit Voltage 

Short Circuit Current 

Short Circuit Current Density 

Short Circuit Current (Red Response) at Wavelength 
Above ym 

Short Circuit Current (Blue Response) at Wavelength 
Below 'V.6 ym 

Curve Fill Factor 

Solar Cell Conversion Efficiency 

f'linority Carrier Diffusion Length (D.L.) 

Current at Maximum Power Point 

Voltage at Maximum Power Point 

Maximum Power Point 

Back Surface Field 

Multi-Layer Anti -Reflective 

Ribbon- to- Ribbon 



APPENDIX III 


ELECTRICAL DATA SHEETS FOR RTR SOLAR CELLS 



IDENTIFICATION INFORMATION ON PROCESSED RTR RIBBONS 


First Batch: 


Second Batch: 


Third Batch: 


838E CVD feedstock, annealed 

840L CVD feedstock, annealed 


850D CVD feedstock, not annealed 

857A CVD feedstock, not annealed 

S868C Single crystal feedstock, not annealed 


81 IB CVD feedstock, annealed 

869 CVD feedstock, not annealed 

S872B Single crystal feedstock, not annealed 
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SOLAR CELL ELECTRICAL DATA 












































SOLAR CELL ELECTRICAL DATA 




































SOLAR CELL ELECTRICAL DATA 











































APPENDIX IV 


ELECTRICAL DATA SHEET-S FOR DENDRITIC WEB SOLAR CELLS 
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SOLAR CELL ELECTRICAL DATA 
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SOLAR CELL ELECTRICAL DATA 
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